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PIWI-interacting RNAs (piRNAs) represent a unique class of small RNAs 
enriched in animal gonads. They are involved in various biological processes such 
as germline development, control of gene expression, transposon silencing and 
chromosome segregation. piRNA pathways were characterized in great details in 
the Drosophila female germline but remain poorly understood in the male 
germline. To understand the specific features of the male piRNAs in Drosophila, I 
characterized the piRNAs from different stages of spermatogenesis using 
developmental arrest mutants. I found distinct piRNA populations present at 
different stages of spermatogenesis, targeting distinct transcripts. In addition, I 
show that the strategies used for piRNA biogenesis are also developmentally 
regulated. This work illustrates the high versatility of the piRNA pathway and 
provides a novel developmental dimension to the piRNA- based mechanisms. 
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Sexually reproducing organisms are composed of two distinct cell 
lineages: the somatic cells and the germ cells. While somatic cells have a limited 
lifespan, germ cells are considered to be an immortal cell lineage. Indeed, germ 
cells have the unique property to differentiate into gametes and give rise to the 
next generation upon fertilization. Hence, the information in the somatic cells is 
restricted to a single generation, whereas the germ cells information has the 
potential to be transmitted to the next. Thus, germ cells represent a crucial cell 
lineage in an organism as they confer the continuity of the species. Therefore, 
germline genomes have to maintain carefully their integrity in order to produce 
healthy progeny. This maintenance is achieved by various regulatory mechanisms 
to protect germline genome integrity. 
 
Germline genomes can be challenged by various factors that menace their 
integrity. One important factors corresponds to mobile genetic elements or 
transposons that have the ability to insert themselves at new locations in host 
genomes and can therefore pose a potential threat on the genome integrity 
(McClintock, 1951). A wide variety of transposons have accumulated in 
eukaryotic genomes during the course of evolution and it is estimated that 
transposon or their remnants can account for more than 40 percent of mammalian 
genomes and 20 percent of Drosophila genome. Initially considered as junk 
DNA, transposons are now appreciated as an important evolutionary force in 
! #!
shaping the genomes (Cordaux and Batzer, 2009; Deininger et al., 2003; Kidwell 
and Lisch, 2000). Propagation of active transposons can occur when novel 
transposition events happen in the germline and are transmitted to the progeny; 
indeed a large fraction of transposons have germline-restricted expression. While 
controlled transposition is an essential advantage for adaptation, uncontrolled 
transposition can have deleterious effects on the fitness of both the host and the 
transposon. In addition, uncontrolled transposition in the germline has been 
shown to affect the fertility of the organism. Thus, a strong selective pressure 
exists to control transposition. 
 
Until recently, the molecular mechanisms governing the control of 
transposition in the germline were largely unclear. It was known that one essential 
mechanism involved in transposon control in plant, mammalian and fungal 
germlines corresponds to DNA methylation (Martienssen and Colot, 2001; Selker, 
2004; Yoder et al., 1997). More recently, a small RNA-based defense mechanism 
was discovered to act in animal germlines for transposon control. This mechanism 
relies on a unique class of small RNAs, the Piwi (P element-induced wimpy 
testes) interacting RNAs (piRNAs) that are derived from transposon sequences 
and enriched in animal gonads (Aravin et al., 2006; Brennecke et al., 2007; Girard 
et al., 2006; Grivna et al., 2006; Lau et al., 2006). The piRNA pathway has been 
characterized in details in the female germline of Drosophila. However, much 
less is known about the biogenesis and function of the piRNAs in the male 
germline. In order to probe mechanisms of transposon control in the Drosophila 
! $!
male germline, I undertook a detailed analysis and characterization of the piRNA 
pathway dynamics during Drosophila spermatogenesis. My studies indicate that 
Drosophila piRNAs have unique regulations and biogenesis during the 
development of the male germline. This work illustrates the high versatility of the 





1.2 Literature review 
1.2.1 Concepts of small RNA silencing pathways 
 Small RNA pathways are based on a silencing complex termed the RNA-
induced silencing complex (RISC). Argonaute family proteins and bound small 
RNAs are at the core of this silencing machine (Tomari and Zamore, 2005). The 
bound small RNA serves as guide to mediate RNA target recognition and 
regulation. Regulations based on RNA target recognition virtually allow control 
on any cellular process, as RNAs are key biological intermediates of all gene 
expression programs (Ghildiyal and Zamore, 2009; Okamura and Lai, 2008). 
Argonaute proteins are highly conserved and are found in all eukaryotes, except 
in Saccharomyces cerevisiae, which has lost the small RNA machinery during 
evolution. Argonaute proteins can also be found in some bacteria and archaea, 
however their functions remain elusive. 
 
 Based on these common principles, evolution has shaped a diverse array 
of small RNA-based pathways. Indeed, Argonaute proteins have diversified 
during the course of evolution and have been able to bind distinct sets of small 
RNAs and mediate distinct types of regulations. Most animals have two classes of 
Argonaute proteins: the Argonaute subfamily and the Piwi subfamily. The 
Argonaute subfamily is expressed ubiquitously, whereas the Piwi subfamily is 
typically restricted to animal gonads. The Argonaute subfamily is associated with 
the microRNA (miRNA) and small interfering RNA (siRNA) pathways and is 
involved in post-transcriptional regulations (Hutvagner and Simard, 2008; Peters 
! &!
and Meister, 2007). Conversely, the Piwi subfamily is associated with the piRNA 
pathway and has been linked to transposon control in the gonads (Siomi et al., 
2011). 
 
 Structural studies of Argonaute proteins in bacteria and archaea have 
shown that PAZ (Piwi-Argonaute-Zwille), MID (middle) and PIWI domains 
characterize Argonaute proteins. The PAZ domain has a specific binding pocket 
that anchors the 3’ end of the small RNA whereas The MID domain’s binding 
pocket anchors the 5’end of the small RNA. The PIWI domain has a structure 
similar to RNase H and has been shown to function as endonuclease and cleave 
complementary target RNA (Jinek and Doudna, 2009) (Figure 1.2.1). Recently, 
the crystal structure of a human Argonaute (Ago2) was shown to share a striking 
similarity with known bacterial and archeal Argonaute proteins (Elkayam et al., 
2012; Schirle and MacRae, 2012), revealing the high conservation of the basic 












Figure 1.2.1. Molecular architecture of Argonaute proteins. (Schirle and 
MacRae, 2012). Argonaute proteins are characterized by their PAZ, MID and 
PIWI domains. A crystal structure of human Argonaute2 is shown.  
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1.2.2 piRNA identification and origins 
 Recently, a novel class of small RNAs was identified in animal gonads. 
These novel small RNAs were first detected in the Drosophila testis when the 
silencing of repeat-derived Stellate genes was investigated (Aravin et al., 2001) 
(section 1.2.4 for details). Later, when small RNAs were profiled from various 
developmental stages of Drosophila, 23 to 29 nt RNAs derived from genomic 
repeats and transposons were identified and initially termed repeat-associated 
small interfering RNAs (rasiRNAs) (Aravin et al., 2003). Subsequently, these 
rasiRNAs were shown to be involved in transposon control in Drosophila (Vagin 
et al., 2006) and were renamed as piRNAs only when they were found to be 
associated with the Piwi family proteins (Aravin et al., 2006; Brennecke et al., 
2007; Girard et al., 2006; Grivna et al., 2006; Lau et al., 2006).  
 
 Studies in Drosophila ovaries have shown that the vast majority of the 
piRNAs arise from discrete regions in the genome, mostly from pericentromeric 
and telomeric heterochromatin. These regions, termed piRNA clusters, mostly 
comprise fragmented and mutated copies of transposons that are incapable of 
transposition. The largest piRNA cluster identified is a 240 kb locus present in the 
pericentromeric heterochromatin and termed 42AB. This cluster gives rise to 30 
percent of the piRNAs identified. Over 140 such clusters were identified in 
Drosophila ovaries and shown to serve as catalogs of sequences used by the 
piRNA pathway to mediate specific regulations on defined targets (Brennecke et 
al., 2007). The piRNA clusters can be classified into two groups: uni-strand and 
! )!
dual-strand clusters (Figure 1.2.2). The uni-strand clusters are transcribed in only 
one direction while the dual-strand clusters are bidirectionally transcribed. For 
example, the flamenco locus is a uni-strand cluster producing mainly antisense 
piRNA precursors whereas the 42AB cluster has dual-strand transcription, 





Figure 1.2.2. Two groups of piRNA clusters in Drosophila: uni-strand and 
dual-strand. (Saito and Siomi, 2010). The uni-strand clusters are transcribed in 
only one direction while the dual-strand clusters are bidirectionally transcribed. 
After processing, piRNAs derived from cluster transcription are loaded onto the 
Piwi family proteins: Piwi, Aubergine (Aub) and Argonaute3 (Ago3). 
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1.2.3 piRNA biogenesis 
 piRNA biogenesis is quite different from that of miRNA and siRNA 
pathways. In the latters, the endonuclease Dicer is essential for the cleavage of 
double-stranded RNA (dsRNA) precursors. Conversely, Dicer activity is 
dispensable for piRNA biogenesis (Houwing et al., 2007; Vagin et al., 2006), and 
instead, single-stranded molecules, but not dsRNAs, are used as piRNA 
precursors (Brennecke et al., 2007). As previously mentioned, these precursors 
transcripts derived from the piRNA clusters on the genome. The transcription 
factors involved in piRNA cluster transcription are currently largely unknown. 
The piRNA precursors are then processed into mature piRNAs through two 
distinct mechanisms: primary piRNA processing and secondary amplification 
loop. Primary biogenesis or processing serves to initiate piRNA pathway while 
secondary amplification loop ensures that the piRNA population produced relates 
well to the expression of the actual targets (Li et al., 2009). 
 
  Distinct piRNA pathways function in ovarian somatic cells and germ 
cells. In the ovarian soma, piRNAs derive from the uni-strand flamenco cluster 
and are loaded onto the Piwi family protein Piwi. In the germline, piRNAs derive 
from dual-strand clusters such as 42AB and are amplified via an amplification 
loop called Ping-Pong cycle involving the Piwi family proteins Aubergine (Aub) 




Figure 1.2.3. Distinct biogenesis strategies are used for piRNA production in 
germline and soma of Drosophila ovary. (Saito and Siomi, 2010). (A) Rhino 
promotes transcription of dual-strand piRNA clusters such as 42AB in the 
germline. (B) In ovarian soma (follicle cells), piRNAs derived from uni-strand 
clusters such as flamenco are loaded onto Piwi and mediate silencing of specific 
transposons (Idefix, ZAM, gypsy, mdg1). (C) In the germline, piRNAs are 
amplified via an amplification loop called Ping-Pong cycle involving Aub and 
Ago3. (D) Piwi- and Aub-bound piRNAs accumulate at the posterior pole of the 
oocyte and are maternally deposited to the embryo.  
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1.2.3.1 Transcription and transport of piRNA precursors 
 In most studied organisms, piRNAs are produced from long precursor 
transcripts (Aravin et al., 2006; Brennecke et al., 2007; Girard et al., 2006; 
Houwing et al., 2007; Lau et al., 2006). Recent studies in Drosophila have shed 
new light on the mechanisms involved in piRNA cluster transcription. Uni-strand 
clusters display hallmarks of canonical RNA polymerase II (Pol II) transcription: 
a Pol II enrichment around the transcription start site (TSS), a promoter defined 
by the active histone mark H3K4me2 and a protective methyl-guanosine cap at 
the 5’ end of the transcript. In contrast, dual-strand clusters display non-canonical 
transcription features and seem to rely on either Pol II read-through activity from 
neighboring genes or non-canonical transcription initiation. Several factors are 
crucial for this non-canonical expression: the heterochromatin protein Rhino 
(Rhi), the Rai1-like transcription termination cofactor Cutoff (Cuff) and the 
protein Deadlock (Del). These three factors form a complex on the dual-strand 
cluster chromatin and act as a licensing factor for transcription (Mohn et al., 2014; 
Zhang et al., 2014). The binding of Rhi to piRNA clusters brings Cuff in close 
proximity to nascent piRNA precursors. Instead of leading to transcription 
termination, Cuff binding to the 5’ end of the piRNA precursors seems to protect 
the precursors from degradation and suppress transcription termination (Jiao et al., 
2013; Mohn et al., 2014; Pane et al., 2011; Zhang et al., 2014). 
 
 Another important question is how are precursor piRNA transcripts 
transported to cellular sites of piRNA processing? Some studies have shown that 
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Rhi and the DEAD-box RNA helicase UAP56 might serve as escort proteins that 
send the piRNA precursors to the right subcellular compartment for processing. 
The data suggests that UAP56 associates with the piRNA precursor transcripts, 
which are bound by Rhi. These piRNA precursors are passed across the nuclear 
pore between the two DEAD-box helicases, UAP56 on the nucleus side and Vasa 
(Vas) on the nuage side, and enter the nuage (section 1.2.3.4 for details) to deliver 




1.2.3.2 Primary processing 
 Following their entry to the nuage, the piRNA precursors are processed 
into mature piRNAs and loaded onto the Piwi family proteins. The first step of 
this maturation is the specification of the 5’ end of the long piRNA precursors. In 
the primary processing pathway, the execution of this step is thought to rely on a 
protein with potential nuclease activity, Zucchini (Zuc) (Ipsaro et al., 2012; 
Nishimasu et al., 2012; Voigt et al., 2012). Following this 5’ cleavage, the piRNA 
intermediates are loaded into the Piwi family proteins (Kawaoka et al., 2011). The 
loading of RNAs into Argonaute proteins is usually facilitated through the action 
chaperone proteins (Gangaraju et al., 2011; Iki et al., 2012; Iwasaki et al., 2010; 
Johnston et al., 2010; Miyoshi et al., 2010). In Drosophila, the Heat shock protein 
90 (Hsp90) homologue, Hsp83, and a chaperone of the immunophillin class, 
Shutdown (Shu), have been shown to facilitate the loading of the piRNA 
intermediates onto Piwi family proteins (Olivieri et al., 2012; Specchia et al., 
2010). The next step of the primary processing is the specification of the 3’ end of 
the piRNA. Analyses of piRNA length profiles indicate that piRNA populations 
have a bell-shaped distribution with a maximum length that is specific to each 
Piwi family protein (Brennecke et al., 2007). Therefore, it was speculated that the 
specification of the 3’ end of the piRNAs occurs after piRNA loading. An 
unknown 3’-5’ exonuclease, tentatively named Trimmer, would trim the 3’ ends 
of the intermediates, leaving the specific footprint of each Piwi family protein on 
the maturing piRNA (Kawaoka et al., 2011). The final maturation step is the 
addition of a methyl group to the piRNA at the 2’OH position of the 3’end base 
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by the methyltransferease Hen1. This final methylation protects the mature 
piRNAs from the addition of non-templated uridylation and degradation (Horwich 
et al., 2007; Kamminga et al., 2010; Kawaoka et al., 2011; Saito et al., 2007). A 
summarized schematic of the primary processing pathway is shown in Figure 




1.2.3.3 Ping-Pong amplification loop 
 In the germline cells, a sophisticated amplification loop acts in parallel to 
the primary processing pathway. This amplification loop, also called the Ping-
Pong cycle, relies on both Aub and Ago3 (Brennecke et al., 2007; Gunawardane 
et al., 2007; Li et al., 2009). In this model, it is assumed that Aub, guided by an 
antisense piRNA, can recognize a sense transcript from an active transposon and 
mediate an endonucleolytic cleavage to generate the 5’ end of this novel sense 
piRNA. The cleavage on the sense transcripts happens precisely 10 nt 
downstream of the 5’ U of the antisense piRNA, generating a 10 nt overlap 
between the sense and antisense sequences, as well a bias for A at the 10
th
 
position of the sense piRNA. These three characteristics, a 10 nt overlap between 
the sense and antisense piRNAs, a U bias at the 1
st
 position of the antisense 
piRNA and a A bias at the 10
th 
of the sense, are referred to as the Ping-Pong 
signature (Brennecke et al., 2007; Gunawardane et al., 2007). The sense piRNA 
intermediate is then loaded onto Ago3 with the help of the chaperones Hsp83 and 
Shu (Olivieri et al., 2012; Specchia et al., 2010). The next steps involved in the 
maturation of these sense piRNAs are probably very similar to those described in 
the primary biogenesis: a 3’-5’ exonuclease trim the 3’ end and Hen1 add a 
protective methyl group at the mature 3’ end (Horwich et al., 2007; Kamminga et 
al., 2010; Kawaoka et al., 2011; Saito et al., 2007). In turn, Ago3 with its mature 
sense piRNA can recognize the antisense piRNA precursors coming from the 
piRNA clusters transcription, and direct their cleavage, thus producing the 5’ end 
of the new antisense piRNAs. These antisense piRNAs can be loaded onto Aub 
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and further processed in a very similar way as previously described (Brennecke et 
al., 2007; Gunawardane et al., 2007). Therefore, the secondary amplification cycle 
represents an elegant way of relating the piRNA production on the target 
expression. A summarized schematic of the secondary amplification cycle is 






Figure 1.2.4. Primary and secondary piRNA biogenesis pathways. (Luteijn 
and Ketting, 2013). Schematic representing the general features of both primary 
and secondary piRNA biogenesis pathways in Drosophila. In the primary 
processing pathway, the 5’ end of the piRNA precursors is specified by an 
endonucleolytic cleavage, potentially performed by Zuc. Next, the piRNA 
intermediates are loaded onto the Piwi family proteins (Piwi or Aub), with the 
help of the chaperones Hsp83 and Shu. Intermediates with a 5’ U seem to be 
heavily selected at this step. Next, an unknown 3’-5’ exonuclease trim the 3’ end, 
leaving the footprint of the Piwi family protein onto the maturing piRNA. Finally, 
Hen1 add a protective methyl group at the mature 3’ end of the piRNA. Aub with 
the antisense piRNA can enter the secondary amplification loop, recognize 
complementary sense transcripts and cleave them. These sense intermediate 
piRNAs can be loaded onto Ago3 with the help of Hsp83 and Shu. Further 
maturation steps are probably similar to primary biogenesis. In turn, Ago3 with a 
sense piRNA can then recognize antisense piRNA precursor transcripts and 
cleave them in a very similar process. 
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1.2.3.4 Nuage: the potential site for Ping-Pong amplification loop 
 The Piwi family proteins Aub and Ago3, involved in the Ping-Pong 
amplification loop, localize to the nuage in the germline cells (Brennecke et al., 
2007; Gunawardane et al., 2007; Harris and Macdonald, 2001). Nuage (which 
means “cloud” in French) is a unique perinuclear structure present at the 
cytoplasmic face of the nuclear envelope in germline cells. When observed by 
electron microscopy, the nuage is a fibrillar, electron-dense structure (Figure 
1.2.5). This structure was found to be conserved in the germline of various 
animals such as rat, mouse, Caenorhabditis elegans and zebrafish (Eddy, 1975). 
Interestingly, in Drosophila, many of the nuage proteins have been involved in 
the production of piRNA in the germline, such as DEAD-box RNA helicases like 
Vas (Liang et al., 1994), Piwi family proteins Aub and Ago3 (Brennecke et al., 
2007; Gunawardane et al., 2007; Harris and Macdonald, 2001), and many Tudor 
domain proteins such as Krimper (Krimp) (Lim and Kai, 2007) and Qin/Kumo 
(Anand and Kai, 2012; Zhang et al., 2011). Thus, nuage was proposed as the 






Figure 1.2.5. The nuage in Drosophila ovaries. (Pek et al., 2012). (A) Electron 
micrograph of a nurse cell in the Drosophila ovary, showing perinuclear electron-
dense structures (arrows) on the outer face of the nuclear envelope. (B) 






1.2.4 Drosophila testis as a model system 
1.2.4.1 Spermatogenesis in Drosophila 
 The Drosophila testis contains 6-12 germline stem cells (GSCs) that reside 
next to the hub which maintain GSC self-renewal in a microenvironment known 
as the niche (Hardy et al., 1979; Spradling et al., 2008). GSCs divide 
asymmetrically to produce a GSC and a gonialblast that further divides four times 
to form a 16-cell interconnected cyst. Germline cells in this transit amplification 
stage are known as spermatogonia. 16-cell cysts then enter meiosis as primary 
spermatocytes which later differentiate into spermatids (Fuller, 1993). The 
development of primary spermatocytes takes place during an extended meiotic 
prophase (Cooper, 1965). As male germ cells enter the primary spermatocyte 
stage, they switch from a state of cell division to a state of growth and gene 
expression. During this stage the cells grow 25 times in volume (Lindsley and 
Tokuyasu, 1980) and transcribe most of the genes needed for the events following 
meiosis (Olivieri and Olivieri, 1965). Many genes are transcribed for the first time 
in development including the male fertility genes located on the Y chromosome. 
Expression of the Y-linked fertility genes is manifested cytologically by the 
formation of the Y chromosome loops in primary spermatocyte nuclei (Meyer et 
al., 1961). A summarized schematic of the spermatogenesis in Drosophila is 






Figure 1.2.6. Spermatogenesis in Drosophila. (Fuller, 1993). The left panel 
represents a schematic of the spermatogenesis in the Drosophila testis. The right 
panel corresponds to an annotated view of a Drosophila testis, showing the 
different cell types present during spermatogenesis (the hub cells denotes the 
apical region).  
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1.2.4.2 Peculiarities of the piRNA-pathway in the male germline 
 In the male germline, the Stellate (Ste) locus on the X chromosome is 
controlled by the piRNA pathway. Indeed, abundant antisense piRNAs derived 
from the homologous Suppressor of Stellate [Su(Ste)] repeats on the Y 
chromosome are produced during male gametogenesis and mediate Ste silencing 
(Aravin et al., 2004; Aravin et al., 2001; Balakireva et al., 1992; Bozzetti et al., 
1995; Vagin et al., 2006). In Drosophila testes, the Su(Ste) piRNAs are the most 
abundant piRNAs associated with Aub (Nishida et al., 2007). Hence, mutations in 
the Piwi family gene aub result in the formation of Ste protein crystals in primary 
spermatocytes (Aravin et al., 2004; Aravin et al., 2001; Bozzetti et al., 1995; 
Kotelnikov et al., 2009) (Figure 1.2.7A). The formation of Ste crystals in primary 
spermatocytes is correlated with other phenotypes such as a condensation defect 
of the meiotic chromosomes and leads to semi to complete sterility (Lifschytz and 
Hareven, 1977). The Ste protein is homologous to the ! subunit of casein kinase 2 
(CK2) (Livak, 1990; Pinna, 1990; Tuazon and Traugh, 1991), an enzyme 
proposed to be involved in chromosome condensation and segregation (Rose et 
al., 1990; Uemura et al., 1987). It was suggested that Ste protein might compete 
with the ! subunit of CK2 by binding to the " catalytic subunit and affect its 
activity (Bozzetti et al., 1995), thus affecting chromosome condensation. 
 
 The second largest class of piRNAs found in association with Aub in 
Drosophila testes is derived from the AT-chX region on the X chromosome. AT-
chX piRNAs have strong complementarity to vas mRNA (Nishida et al., 2007). 
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As previously mentioned in section 1.2.3.4, Vas is a component of the piRNA 
pathway that is expressed in the germline, and is present on the perinuclear nuage 
(Liang et al., 1994). Mutation in aub result in the increase of the Vas protein 
levels in testes, implicating that vas may be a target of piRNA-mediated 




Figure 1.2.7. Ste and vas silencing by piRNAs in Drosophila melanogaster 
testis. (Siomi et al., 2011). (A) Su(Ste) piRNAs are produced from the Su(Ste) 
locus on the Y chromosome. They can be loaded onto Aub and Ago3 in the male 
germline and mediate the regulation of Ste on the X chromosome. (B) AT-chX 
piRNAs are produced from the AT-chX locus on the X chromosome. They can be 





1.3 Thesis overview 
Until recently, the molecular mechanisms governing the control of 
transposition in the germline were largely unclear. A few years ago, the piRNA 
pathway was discovered in animal germlines to act for transposon control (Aravin 
et al., 2006; Brennecke et al., 2007; Girard et al., 2006; Grivna et al., 2006; Lau et 
al., 2006). The piRNA pathway has been characterized in details in the female 
germline of Drosophila. However, less is known about the biogenesis and 
function of the piRNAs in the male germline. In order to probe mechanisms of 
transposon control in the Drosophila male germline, I undertook a detailed 
analysis and characterization of the piRNA pathway dynamics during Drosophila 
spermatogenesis. My studies indicate that Drosophila piRNAs are highly 
regulated during the development of the germline. First, I report that the piRNA 
pathway components display a specific dynamics during spermatogenesis. This 
observation prompted me to analyze the stage-specific regulations of the piRNA 
pathway during spermatogenesis. Indeed, I found that distinct piRNA populations 
are expressed during spermatogenesis. In addition, different biogenesis 
mechanisms are acting to produce piRNAs during spermatogenesis. This work 
illustrates the high versatility of the piRNA pathway and provides a novel 
developmental dimension to the piRNA- based mechanisms. 
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2. Materials and methods 
2.1 Fly genetics 
2.1.1 Fly husbandry 
 Flies used in the current study were D. melanogaster. They were grown on 
standard cornmeal-agar medium at 25°C. y w flies were used as wild-type control 
unless otherwise stated. FM6, Sco/CyO and TM3/TM6B were used as first, second 
and third chromosome balancers, respectively. 
 
2.1.2 Fly stocks 
 Mutant alleles, allelic combinations and the other strains used in the 




Table 2.1. Drosophila strains used in the current study. 
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2.2 Molecular biology 
2.2.1 Recombinant DNA methods 
2.2.1.1 Bacterial strains and culture conditions 
 For all the recombinant DNA procedures, the Escherichia coli strains used 
were DH5" or XL1-Blue unless otherwise stated. Bacterial strains were cultured 
in Luria-Bertani [LB; 1% (w/v) bacto-tryptone, 0.5% (w/v) yeast extract, 1% 
(w/v) sodium chloride (NaCl)] broth or grown on agar plate at 37°C. For drug 
resistance selection, the culture media was supplemented with the antibodies 
ampicillin (100 µg/ml), kanamycin (50 µg/ml), or chloramphenicol (37 µg/ml). 
 
2.2.1.2 Preparation of plasmid DNA 
 Geneaid High Speed Mini Kit and Geneaid Plasmid Midi/Maxi Kit were 
used for small-scale and large-scale plasmid DNA preparation respectively, in 
accordance with the manufacturer’s instructions. DNA concentration was 
measured using NanoDrop ND-1000 Spectrophotometer (BioFrontier 
Technology). 
 
2.2.1.3 Polymerase Chain Reaction (PCR) 
 Normal PCR and colony PCR were performed in the presence of 50-100 
ng template DNA, 100 µM deoxynucleotide triphosphate (dNTP), 100 µM of each 
primer (forward and reverse), and 0.4 units of Taq polymerase (iDNA 
Biotechnology) with the following cycling conditions: 1 cycle of denaturation at 
94°C for 2 min, 25-30 cycles of PCR amplification 94°C for 30sec, 58-60°C for 
! $+!
30 sec, 72°C for 1 min per kb, and final extension at 72°C for 10 min. For high 
fidelity amplification, Pfx DNA polymerase (Invitrogen) was used in accordance 
with the manufacturer’s instructions. All the primers are listed in Table 2.2. 
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Table 2.2. List of primers used in the current study. 
















2.2.1.4 Restriction digestion 
 Restriction digestion of plasmid DNA was carried out using restriction 
endonucleases (Roche) in accordance with the manufacturer’s instructions. 
 
2.2.1.5 Sequencing 
 Sequencing reactions were performed using BigDye Terminator v3.1Cycle 
Sequencing Kit (Applied Biosystems) in the presence of 50-100 ng template DNA 
and 100 µM of each primer (forward or reverse) with the following cycling 
conditions: 25 cycles of 94°C for 2 min, 50°C for 30 sec, 60°C for 4 min, 1 cycle 
of 60°C 10 min. The reactions were subsequently analyzed using the 3730x1 
DNA Analyzer (Applied Biosystems). 
 
2.2.2 Bacterial transformation 
 For heat-shock transformation, competent cells were mixed with the 
appropriate volume of DNA and incubated on ice for 30 min. The DNA/cell 
mixture was then heat-shocked at 42°C for 60 sec and immediately placed on ice. 
Following transformation, 1ml of LB was added to the mixture before incubating 
the culture at 37°C, with shaking at 250 rpm for 1 hr for recovery. The cells were 
then plated on LB agar supplemented with the appropriate antibodies, depending 




2.2.3 Cloning strategies 
2.2.3.1 Conventional cloning 
 Ligation reaction was set up with a vector:insert molar ratio of 1:3 in the 
presence of 3 U T4 DNA ligase (Roche). Sticky-end and blunt-end ligations were 
incubated at 16°C and room temperature respectively for up to 16 hr. 
Approximately half of the ligation volume was subsequently used for bacterial 
transformation. 
 
2.2.3.2 Gateway cloning 
Gateway cloning is a two-step procedure. First it involves directional 
TOPO cloning of the gene of interest or DNA fragment into pENTR/D-TOPO 
(Invitrogen). Second, it is followed by a site-specific recombination step to swap 
the gene of interest from pENTR/D-TOPO into the destination vector (The 
Drosophila Gateway Vector Collection).  
 
 During TOPO cloning, PCR product with a flanking CACC sequence at 
the 5’ end and a blunt 3’ end was mixed with pENTR/D-TOPO in a molar ratio of 
2:1. The reaction was incubated at room temperature for 30 min. Approximately 
half the ligation mixture was then transformed into OneShot TOP10 chemically 
competent E. coli (Invitrogen) in accordance with the manufacturer’s instructions. 
 
 During site-specific recombination, equal volumes of pENTR/D-TOPO 
harboring the gene-of-interest or DNA fragment and the Gateway destination 
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vectors were mixed, in the presence of LR Clonase II enzyme mix (Invitrogen). 
The DNA/enzyme mix was incubated at 25°C for 2 hr to promote recombination. 
Proteinase K was added to the reaction and incubated at 37°C for 20 min to 
terminate the reaction. Half of the reaction mix was used for transformation. 
 
2.2.3.3 TA cloning 
 For TA cloning, pGEM-T Easy cloning Kit (Promega) was used. Taq 
polymerase was used to amplify PCR products that were directly used for TA 
cloning. For blunt-end PCR products, A-tailing was performed by incubating the 
purified DNA duplex with 0.2 mM dATP and 5 U Taq polymerase at 70°C for 30 
min. pGEM-T Easy vector and the insert DNA were mixed in the molar ratio of 
1:3 and incubated for 60 min at room temperature or overnight at 4°C. 
Approximately half of the ligation mixture was used for transformation. 
Recombinant clones were identified using the blue-white selection, where the 
presence of an insert in pGEM-T Easy vector disrupts the "-galactosidase gene 
and produces white bacterial colonies. 5-bromo-4-chloro-3-indolyl-!-D-
galactoside (X-Gal) and isopropyl !-D-1-thiogalactopyranoside (IPTG) were 
added as substrates, to a final concentration of 0.5 mM and 80 µg/ml respectively. 
 
2.2.4 Single fly PCR 
2.2.4.1 Preparation of fly genomic DNA 
 D. melanogaster genomic DNA was prepared by mashing a single fly in 
50 µl of squishing buffer [10 mM Tris-Cl pH 8.2, 1 mM 
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ethylenediaminetetraacetic acid (EDTA), 25 mM NaCl, and 200 pg/ml freshly 
diluted Proteinase K (Sigma)] with a pipette tip. The squashed fly was then 
incubated at 37°C for 30 min, followed by heat-inactivation step at 65°C for 10 
min. Single fly genomic DNA preparations were stored at 4°C or -20°C. 
 
2.2.4.2 Genomic DNA PCR 
 Genomic DNA PCR was performed as described in 2.2.1.3. 1 µl of 
genomic DNA was used for each PCR. 
 
2.2.5 RNA extraction 
 Drosophila testes were dissected in ice-cold Grace’s medium and 
transferred to TRIzol reagent (Invitrogen) on ice. Total RNA was extracted from 
tissues in accordance with the manufacturer’s instructions. Extracted total RNA 
was stored at -80°C. 
 
2.2.6 DNase treatment 
 Total RNA was treated with DNase using 1U of DNaseI (Roche) per µg of 
RNA and incubating at 37°C for 30 min. DNase was inactivated by adding EDTA 
pH 8 to a final concentration of 2.5 mM and incubating at 65°C for 10 min. 
 
2.2.7 Precipitation of RNA 
 RNA was precipitated from solutions by adding 0.1 volumes of 4 M LiCl 
and 2.5 volume of pre-chilled ethanol followed by incubation at -80°C for at least 
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30 min or -20°C for at least 2 hr. RNA precipitate was recovered by 
centrifugation at 13,000 g for 15 min at 4°C followed by one wash with pre-
chilled 75% ethanol. RNA pellet was dissolved in appropriate volume of RNase 
free water after drying and heating at 55°C when necessary. 
 
2.2.8 Reverse transcription (RT) 
 The DNase-treated total RNA (1-2 µg) was reverse transcribed using oligo 
(dT)15 and Superscript III reverse transcriptase (Invitrogen). A negative control 
reaction without reverse transcriptase was prepared for each RNA sample. The 
newly synthesized complementary DNAs (cDNAs), were treated with RNase H 
(Stratagene), and were normalized and checked for genomic DNA contamination 
by performing PCR with actin5C primers. 
 
2.2.9 Semi-quantitative and quantitative PCR 
 Semi-quantitative PCR was performed as described in 2.2.1.3 with 1 µl of 
cDNA per reaction. Quantitative PCR was similarly carried out, except with a 
change to the use of Bio-Rad MyQ Single-Color Real-Time PCR Detection 
system, in the presence of iQ SYBR Green Supermix (Bio-Rad). Control 
experiments measuring the change in CT with template dilution were performed 
on the target genes and the control actin5C. All the results were normalized with 




2.3 Immunohistochemistry and microscopy 
2.3.1 Antibody staining of fixed Drosophila testes 
 Testes were dissected in Grace’s medium (Life Technologies) and 
immediately fixed for 5 min at room temperature in the fixative solution (2 parts 
of Grace’s medium to 1 part of 16% paraformaldehyde, electron microscopy 
grade). After several washes with PBX {PBS [10 mM sodium phosphate 
monobasic (NaH2PO4)/sodium phosphate dibasic (Na2HPO4) pH 7.4, 175 mM 
NaCl] containing 0.2% Triton X-100}, the fixed samples were pre-adsorbed in 
PBX containing 5% normal goat serum (The Jackson Laboratory) for at least 30 
min at room temperature. The samples were incubated with the primary 
antibodies diluted in PBX containing 0.5% (w/v) bovine serum albumin (BSA, 
Sigma) for overnight at 4°C. The following day, the samples were washed several 
times in PBX and incubated in secondary antibody diluted in PBX containing 
0.5% (w/v) BSA for 4 hr at room temperature. The samples were again washed in 
PBX and stained with 4’,6-diamidino-2-phenylindole (DAPI). Following two 
rinses with PBS, the samples were mounted in Vectashield (Vector Laboratories). 
Antibodies that were used for immunostaining are listed in Table 2.3. Alexa Fluor 
(488, 555 or 633) conjugated goat anti-mouse, anti-rat, anti-rabbit and anti-





Table 2.3. List of primary antibodies used for immunohistochemistry in the 
current study. 
Protein Animal of origin Working dilution Source 
Ago3 Mouse 1:200 (Lim et al., 2009) 
Aub Rabbit 1:300 Paul Lasko 
Piwi Mouse 1:10 (Saito et al., 2006) 
Vas Guinea pig 1:1000 
(Patil and Kai, 
2010) 
Qin/Kumo Rabbit 1:1000 
(Anand and Kai, 
2012) 
Krimp Guinea pig 1:2000 (Lim et al., 2009) 
Hts Mouse 1:20 DSHB 
S5 Mouse 1:5 
Harald 
Saumweber 
Ste Rabbit 1:1000 
(Klattenhoff et al., 
2007) 






2.3.2 Microscopy and image processing 
 Images were captured at room temperature with a 3-Photomultiplier Tube 
detector using a 40x or 63x 1.3 NA Plan-Apochromat oil objective with a Zeiss 






2.4.1 Protein extraction 
 To isolate protein from testes, the dissected testes were ground in 2x 
sample buffer [4% (w/v) sodium dodecyl sulphate (SDS), 200 mM dithiothrithol 
(DTT), 300 mM Tris-HCl pH 6.8, 20% (v/v) glycerol, 0.04% (w/v) bromophenol 
blue] by homogenizing and then boiling for 5 min. Cell debris was removed by 
centrifugation at maximum speed for 20 min at 4°C. The supernatants were stored 
at -20°C. 
 
2.4.2 PAGE separation of proteins and western blotting 
 Proteins were separated on 8-12% (v/v) sodium dodecyl sulphate-
polyacrylamide gels [8-12% (v/v acrylamide/bis-acrylamide (29:1, Bio-Rad), 
375mM Tris-HCl pH 8.8 (for separating gel) or pH 6.8 (for stacking gel), 0.1% 
(v/v) SDS, 0.1% (w/v) ammonium persulphate (APS), 0.4% (v/v) N,N,N’,N’-
Tetramethylethylenediamine (TEMED)] using a Bio-Rad gel electrophoresis 
system at 80 volts (V) till the samples pass through the stacking gel and at 100-
120 V till the dye front reaches the end. For the direct visualization of the proteins 
the gels were stained with coomassie brilliant blue staining buffer [0.0025% (w/v) 
coomassie brilliant blue R250 in 1 part glacial acetic acid: 9 parts of 50% (v/v) 
methanol]. Excessive stain was removed from the gel by destaining the gels in 
destaining solution [40% methanol, 10% acetic acid] till clear bands appeared. 
For immunological detection the proteins were transferred by electrophoretic 
blotting onto nitrocellulose or polyvinylidene fluoride (PVDF) membrane (Bio-
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Rad) in the transfer buffer [3.03 g/L Tris-base, 14.4 g/L glycine, 20% (v/v) 
methanol] at 100 V for 60 min. 
 
2.4.3 Immunological detection of proteins 
 Following the transfer the membranes were blocked using a blocking 
solution [PBST (PBS + 0.05% (v/v) Tween-20) supplemented with 5% (w/v) 
skimmed milk] for at least 30 min at room temperature. Membranes were rinsed 
once with PBST and incubated with primary antibody diluted in PBST with 3-5% 
(w/v) BSA overnight at 4°C. Excess primary antibody was washed with PBST for 
1 hr with change of buffer every 10 min. The secondary antibody step was 
performed at room temperature for 45 min in secondary antibody tagged to HRP 
diluted in PBST with 3-5% (w/v) BSA. Excess secondary antibody was washed 
with PBST for 1 hr with change of buffer every 10 min. Detection was performed 
with SuperSignal West Pico Chemiluminescence substrate (Thermo Scientific) 
and the signals were visualized on Kodak BioMax MS film. Primary antibodies 
used for immunoblotting are listed in Table 2.4. Rabbit-, rat-, guinea pig-, and 






Table 2.4. List of primary antibodies used for immunoblotting in the current 
study. 
Protein Animal of origin Working dilution Source 
Lam Mouse 1:1000 
Hybridoma bank, 
Iowa 
KDEL Mouse 1:1000 abcam 
Aub Mouse 1:1000 
(Nishida et al., 
2007) 
Ago3 Mouse 1:500 
(Gunawardane et 
al., 2007) 
Vas Guinea pig 1:1000 
(Patil and Kai, 
2010) 
Krimp Mouse 1:1000 
(Nagao et al., 
2011) 
Tubulin Mouse 1:1000 Upstate 
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2.4.4 Separation of nuclear and cytoplasmic fractions 
 Testes were manually dissected in PBS, precipitated and transferred to 
lysis buffer [350#mM sucrose, 15#mM HEPES (pH 7.6), 10#mM KCl, 5#mM 
MgCl2, 0.1#mM EDTA, 0.5#mM EGTA, 1#mM DTT, Protease inhibitor cocktail 
(Roche), 0.5#U RNasin Plus (Promega)] and homogenized by Dounce 
homogenizer on ice. Lysate was filtered through Miracloth membrane 
(Calbiochem) and spun at 1,800 g for 10 min at 4°C. Pellet 1 and supernatant 1 
fractions were separated from each other. Pellet 1 (nuclei) was washed by lysis 
buffer producing pellet 2 and supernatant 2. Pellet 2 was pipetted in resuspension 
buffer [290#mM sucrose, 5#mM Tris–HCl (pH 7.4), 1.5#mM KCl, 5#mM MgCl2, 
1#mM EGTA, Triton X-100 0.04%, Protease inhibitor cocktail (Roche), 0.5#U 
RNasin Plus (Promega)], incubated at rocking for 12#min at 4°C for removing 
nuclear membranes and spun at 200#g for 6#min at 4°C. Pellet 3 was considered as 
nuclear fraction and resuspended in lysis buffer. Supernatants 1, 2 and 3 were 
pooled and considered as cytoplasmic fraction (Kotelnikov et al., 2009). 
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2.5 Small RNA sequencing 
2.5.1 Small RNA extraction 
 Total RNA including small RNA from 18 nucleotides (nt) upwards was 
extracted from hand-dissected testes using the miRNeasy Mini Kit (Qiagen) in 
accordance with the manufacturer’s instruction. Quality of the purified RNA was 
checked by NanoDrop spectrophotometer and Agilent Bioanalyzer RNA 6000 
chip prior to library construction.   
 
2.5.2 Library preparation 
 Adapters ligation, RT-PCR and cDNA library purification were performed 
at Macrogen Inc., Seoul Korea (for y w, bam, bgcn, can and sa libraries) or at the 














 Small RNA libraries were sequenced on Illumina HiSeq 2000 on a 50 
cycle Single End Read sequencing run. Sequencing of y w, bam, bgcn, can and sa 











/ CyO libraries at the University of 




2.5.4 Alignments and normalization 
 The libraries were mapped to Drosophila genome (Rel 5, excluding 
Uextra) without any mismatches. 
 
 The all nine libraries were normalized with the Rfam RNAs corresponding 
to a collection of RNA families which can be classified into three functional 
classes: non-coding RNAs, structured cis-regulatory elements and self-splicing 
RNAs (Burge et al., 2013). 
 
2.5.5 Analyses 
 To analyze piRNA matching to clusters, only 23-29-nt reads that uniquely 
mapped to genome were considered (cluster information was taken from 
(Brennecke et al., 2007). The piRNAs mapping to the clusters were counted in 10-
nt windows for plotting. The libraries were mapped to transposons allowing two 
mismatches. To analyze Ping-Pong generated piRNAs, we calculated sense-
antisense piRNA pairs having overlap between 2-26-nt using in-house programs. 
The Ping-Pong ratios were calculated by dividing the numbers of reads containing 
10-nt overlap with sum of reads containing any overlap between 2-26-nt. Dr. 







3.1 Piwi family proteins and other piRNA pathway components have 
distinct expression patterns and localizations during spermatogenesis. 
3.1.1 Aubergine and Argonaute 3 are nuage components with distinct 
expression patterns. 
To characterize the functions of Aubergine (Aub) and Argonaute 3 (Ago3) 
during spermatogenesis, I determined their expression patterns in Drosophila 
testes. In Drosophila testes, germline stem cells (GSCs) are directly adjacent to 
the hub. Each GSC divides asymmetrically to regenerate a GSC and to produce a 
differentiating spermatogonium, which does not contact the hub. Each 
spermatogonium proceeds to four rounds of mitotic divisions to form a cyst of 16 
interconnected spermatogonia. The 16-cell cysts then exit the mitotic cycle and 
generate 16 primary spermatocytes. The primary spermatocytes progress through 
the pre-meiotic phases and enter an extended G2 phase during which transcription 
and growth are very active (section 1.2.6 for details).  
 
In agreement with a previous report (Nagao et al., 2010), and using a 
different set of antibodies, I found that Aub and Ago3 have distinct expression 
patterns during spermatogenesis. Aub is expressed widely in the germline cells 
from GSCs to primary spermatocytes. By contrast, Ago3 was detected only in the 
gonadal proliferation center (GPC): it is restricted to GSCs and spermatogonia 
(Figure 3.1.1A). Aub and Ago3 were both detected in the cytoplasm and found to 
accumulate as perinuclear foci in the germline cells (Figure 3.1.1B and C). Aub 
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and Ago3 have been reported to localize to perinuclear foci called nuage in the 
female germline cells (section 1.2.3 for details) and are expressed in the nurse 
cells of the developing egg chambers throughout oogenesis (Brennecke et al., 
2007). My data indicate that Aub and Ago3 also exhibit this localization pattern in 
the male germline cells. However, in the male germline, Aub and Ago3 
expression patterns are different and Aub is present without Ago3 on the 






Figure 3.1.1. Aubergine and Argonaute 3 are nuage components with distinct 
expression patterns. (A) Immunostaining of y w Drosophila testes in for Aub 
and Ago3. The asterisk denotes the hub. Scale bar represents 50 $m. (B) 
Magnification of the GPC region of the testis. The asterisk denotes the hub. Scale 
bar represents 10 $m. (C) Magnification of the primary spermatocyte region. 
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3.1.2 Piwi is a nuclear protein expressed in the GPC and in the somatic 
gonadal cells. 
Since the Piwi family proteins Aub and Ago3 displayed specific 
expression patterns in testes, I examined the third member of the Piwi family: 
Piwi. Consistent with a previous report that detected myc-tagged Piwi (Cox et al., 
2000), endogenous Piwi was detected mostly in the GPC of the testis (Figure 
3.1.2A). Piwi is expressed in the early germline cells (GSCs and their immediate 
daughters) and also in the somatic gonadal cells (hub cells, cyst progenitor cells 
and cyst cells) and is present in the nucleus (Figure 3.1.2B). Piwi was not detected 
in late spermatogonia and primary spermatocytes (Figure 3.1.2C). This stage-
specific expression of Piwi is unique to the male germline as Piwi was detected in 
the nurse cell nuclei of the developing egg chambers throughout oogenesis 





Figure 3.1.2. Expression and localization of Piwi and Vasa during 
spermatogenesis. (A) Immunostaining of y w Drosophila testes for Piwi and Vas. 
The asterisk denotes the hub. Scale bar represents 50 $m. (B) Magnification of 
the GPC region of the testis. The asterisk denotes the hub. Scale bar represents 10 
$m. (C) Magnification of the primary spermatocyte region. Arrows indicate 
primary spermatocytes. Scale bar represents 10 $m. (D) Single still image taken 
from a live imaging of Drosophila testis expressing Vas-GFP. H2B-RFP is used 
as nuclear marker. 
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3.1.3 Other piRNA pathway components have distinct expression patterns 
and localizations during spermatogenesis. 
 The specific expressions and localizations of the Piwi family proteins 
during spermatogenesis prompted me to examine more piRNA pathway 
components. Vasa (Vas) is a DEAD-box RNA helicase involved in the piRNA 
pathway (Malone et al., 2009; Zhang et al., 2012). Vas is conserved in 
multicellular organisms and is a well-known marker for germline cells (Gustafson 
and Wessel, 2010; Rosner et al., 2009). In the female germline, Vas is a known 
nuage component expressed throughout oogenesis (Liang et al., 1994). In the 
Drosophila testis, Vas is expressed in the germline from GSCs to primary 
spermatocytes (Figure 3.1.2A). Vas was detected mostly in the cytoplasm and was 
also found to accumulate on the perinuclear foci (Figure 3.1.2B and C). Because 
Vas perinuclear immunodetection is particularly sensitive to the fixation 
conditions, I ascertained its localization during spermatogenesis by live imaging 
using a vas-GFP transgenic line. Vas-GFP expression pattern was consistent with 
the immunostaining results and its perinuclear localization was more prominent 
(Figure 3.1.2D).  
 
 Next, I examined the localization of Qin/Kumo, a Tudor domain protein 
essential for the piRNA pathway. Qin/Kumo is a nuage component known to be 
broadly expressed in the female germline and also has a nuclear localization in the 
germ cells from regions 2a and 2b of the germarium (Anand and Kai, 2012; 
Zhang et al., 2011). During spermatogenesis, Qin/Kumo perinuclear localization 
! &#!
is restricted to GSCs and spermatogonia. By contrast, in primary spermatocytes, 
Qin/Kumo was detected in the nucleoli (Figure 3.1.3A).  
 
 Beside Qin/Kumo, other Tudor domain proteins are known to be involved 
in the piRNA pathway. I examined the localization of Krimper (Krimp), a Tudor 
domain protein essential for the piRNA pathway. In the female germline, Krimp 
localizes at perinuclear nuage (Lim and Kai, 2007). Similarly, during 
spermatogenesis, Krimp perinuclear localization is detected from GSCs to early 
primary spermatocytes. In late primary spermatocytes, fewer perinuclear foci are 
detected indicating that Krimp nuage localization become more scattered at that 





Figure 3.1.3. Expression and localization of Qin/Kumo and Krimper during 
spermatogenesis. (A) Immunostaining of y w Drosophila testes for Qin/Kumo. 
The asterisk denotes the hub. Scale bar represents 50 $m. Middle and right panels 
show magnification of the GPC and primary spermatocyte regions respectively. 
Arrows indicate nucleoli. (B) Immunostaining of y w Drosophila testes for 
Krimp. The asterisk denotes the hub. Scale bar represents 50 $m. Middle and 
right panels show magnification of the GPC, the transition from SG to primary 























3.1.4 Nuage components Aubergine, Argonaute 3, Vasa and Krimper are 
also detected in the nuclear fraction of Drosophila testis. 
The outer nuclear membrane (ONM) and inner nuclear membrane (INM) 
separate the nucleus from the cytoplasm (Figure 3.1.4A). Nuage components are 
usually present around the nucleus, but conventional confocal microscopy is not 
resolutive enough to discern between ONM and INM side. In order to assess the 
intra-cellular localization of the nuage components with more resolution, I 
purified the nuclear and cytoplasmic fractions of the testis (Figure 3.1.4B). 
Previously, Kotelnikov et al. detected Aub both in the nuclear and cytoplasmic 
fractions prepared from Drosophila testicular lysate, suggesting that Aub localizes 
not only to the nuage but also to the inner face of the nuclear envelope 
(Kotelnikov et al., 2009). Following this methodology, I examined other nuage 
components and found that not only Aub, but also Ago3, Vas and Krimp are 
detected in the cytoplasmic and nuclear fractions (Figure 3.1.4C). The purity of 
each fraction was tested using specific markers. Lamin (Lam) was used as a 
nuclear marker and showed no detectable contamination from the nucleus to the 
cytoplasmic fractions. Since the endoplasmic reticulum (ER) is continuous to the 
ONM, the ER resident proteins containing the Lys-Asp-Glu-Leu (KDEL) detected 
by the anti-KDEL antibody was used as a marker for the cytoplasmic and ONM-
associated fractions. No detectable contamination from the cytoplasmic and 
ONM-associated fractions was detected in the nuclear fraction. This result 
suggests that these nuage components are present, albeit not discernible by 
! &&!
conventional confocal microscopy, on the two faces of the nuclear envelope: the 





Figure 3.1.4. Nuage components Aubergine, Argonaute 3, Vasa and Krimper 
are also detected in the nuclear fraction of Drosophila testes. (A) Schematic of 
the nuclear envelope (Schirmer and Gerace, 2002). The outer nuclear membrane 
(ONM) and inner nuclear membrane (INM) separate the nucleus from the 
cytoplasm. The endoplasmic reticulum (ER) is continuous to the ONM. The 
lamina is closely associated with the INM. N, C and NE refer to the different 
fractions purified: nuclear, cytoplasmic and ER/ONM-associated, respectively. 
(B) Schematic of the purification used for the C, NE and N fractions. (C) Western 
blots showing the intracellular localization of indicated proteins in N, C and NE 
fractions of y w testes. Lamin (Lam) was used as a nuclear marker. The ER 
resident proteins containing the Lys-Asp-Glu-Leu (KDEL) detected by the anti-


















































Collectively, these results suggest that the piRNA pathway in the male 
germline has a different dynamics than in the female germline. In ovaries, the 
Piwi family proteins, Piwi, Aub and Ago3 are expressed throughout oogenesis. In 
testes, by contrast, they are expressed in a stage-specific manner. Aub is the most 
broadly expressed as it was detected from GSCs to primary spermatocytes. Ago3 
expression is restricted to GSCs and spermatogonia and was not detected in 
primary spermatocytes (Figure 3.1.1). Piwi is the most restricted in the male 
germline, with its expression being limited to the very early germline cells (GSCs 
and immediate daughters; Figure 3.1.2). The Piwi family proteins have important 
roles in piRNA biogenesis and transposon silencing. It is shown in the female 
germline that the secondary amplification loop relies on the combined action of 
Aub and Ago3 (section 1.2.3 for details), and consistently, Aub and Ago3 are 
always present together on the nuage of the female germ cells. In primary 
spermatocytes, only Aub remains on the nuage suggesting that mechanisms 
involved in piRNA biogenesis and transposon silencing at this stage are 
potentially very different from what is described in the female germline. 
 
 The study of other piRNA pathway components revealed that not only the 
Piwi family proteins display such a striking dynamics. Vas is expressed from 
GSCs to primary spermatocytes very similarly to Aub (Figure 3.1.2). Qin/Kumo 
is present on the nuage from GSCs to spermatogonia very similarly to Ago3, but 
changes its localization in primary spermatocytes and becomes nucleolar. Krimp 
perinuclear localization is detected from GSCs to early primary spermatocytes 
! &)!
and become more scattered around the nucleus after that stage (Figure 3.1.3). 
Collectively, these results suggest that different piRNA pathways exist in the male 
germline, using different subsets of the piRNA pathway components.  
 
In addition, the nuage components Aub, Ago3, Vas and Krimp, which 
seem to be cytoplasmic proteins when examined by confocal microscopy, appear 
to have a nuclear localization (Figure 3.1.4). Nuage is present at the cytoplasmic 
face of the nuclear envelope but conventional confocal microscopy does not have 
the power to resolve the different layers of the nuclear envelope. Nuclear Lamins 
(Lam) are present on the inner side of the nuclear envelope but are usually 
detected with the nuage components around the nucleus by confocal microscopy. 
The purification of the nuclear proteins of the testis suggests that some nuage 
components are also present on the inner side of the nuclear envelope. Presently, 
it is not clear whether this nuclear localization is specific to the male germline or 
can also be detected in the female. 
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3.2 Developmental arrest mutants as a system to purify specific stages of 
spermatogenesis. 
3.2.1 bam and bgcn mutants accumulate cells normally restricted to the 
GPC. 
The specific dynamics observed for the piRNA pathway components 
suggests that the testicular piRNAs could also display some specific 
characteristics during spermatogenesis. However, no previous study examined the 
developmental regulations of the piRNAs in Drosophila. In order to characterize 
this dynamics, piRNAs expressed at specific stages were purified. In Drosophila, 
some mutations are described to arrest the spermatogenesis at specific stages. 
Therefore, I decided to use these available mutants to enrich the testis in a cell-
type of interest. 
 
 bag of marbles (bam) and benign gonial cell neoplasm (bgcn) are 
translational regulators involved in the regulation of germ cells proliferation 
during oogenesis and spermatogenesis (Gonczy et al., 1997; McKearin and 
Ohlstein, 1995). Mutations at bam and bgcn loci block the progression of 
spermatogenesis and oogenesis and result in the overproliferation of 
undifferentiated germ cells. The germ cells accumulating in bam and bgcn mutant 




In order to use these mutants for my study, I validated the cell types 
present in bam and bgcn testes. DAPI staining revealed the massive accumulation 
of early germ cells normally restricted the GPC in bam and bgcn testes but not in 
y w control (Figure 3.2.1). I verified the stage of these arrested early germ cells by 
using the fusome marker Hu-li tai shao (Hts). In   y w testes, GSC fusomes appear 
as single dots of intense staining, whereas those in spermatogonia appear as 
elongated, branched fusomes (Figure 3.2.1A). The early germ cells accumulating 
in bam and bgcn mutants have branched fusomes (Figure 3.2.1B and C), 
suggesting that the cells accumulating in those mutants are the mitotically 
dividing spermatogonia. The absence of primary spermatocyte was validated by 
qRT-PCR using primers that detect the expression of genes specifically 
transcribed in primary spermatocytes. kl-5,  kl-3 and ory are male fertility factors 
derived from the Y chromosome that are specifically transcribed in primary 
spermatocytes (Meyer et al., 1961). No expression of the male fertility factors was 
detected in bam and bgcn mutants, suggesting that the germ cells in these mutants 
are arrested before the primary spermatocyte stage (Figure 3.2.1D). Collectively, 
these results confirm that bam and bgcn mutants accumulate cells normally 
restricted to the GPC that most resemble the mitotically dividing spermatogonia.  
! '"!
 
Figure 3.2.1. bam and bgcn mutants accumulate cells normally restricted to 
the GPC. (A-C) y w, bam and bgcn testes immunostained for Hts. In y w, bam 
and bgcn branching fusomes are discernible. The asterisks denote the hub. Scale 
bars represent 50 $m. (D) qRT-PCR showing fold-change relative to y w 
expression of the male fertility genes kl-5 and kl-3 and ory in the indicated 

























































3.2.2 can and sa mutants accumulate primary spermatocytes. 
 cannonball (can) and spermatocyte arrest (sa) are testis TBP (TATA 
binding protein) -Associated Factors (tTAFs) that regulate the transcription of 
genes necessary for the entry of the primary spermatocyte into meiosis. Mutations 
at can and sa loci block the progression spermatogenesis and result in the 
accumulation of primary spermatocytes that are arrested before the first meiotic 
division (Chen et al., 2005; Hiller et al., 2004). 
 
 In order to use these mutants for my study, I validated the cell types 
present in can and sa testes. The S5 antibody recognizes a 70 kD protein known 
to be associated with the nascent RNAs derived from the massive transcription of 
the Y chromosome that occurs during the primary spermatocyte stage (Risau et 
al., 1983; Saumweber et al., 1980). Therefore, S5 is a good marker for the primary 
spermatocyte stage. can and sa testes were immunostained with the S5 antibody 
to examine the cell types present in these arrested testes. Cells positive for the S5 
staining were found to accumulate from the apical to the distal ends of can and sa 
testes confirming that primary spermatocytes accumulate in these mutant testes 
(Figure 3.2.2). 




Figure 3.2.2. can and sa mutants accumulate primary spermatocytes. (A-C) y 
w, can and sa testes immunostained for S5. In y w testes, S5 staining can be 
observed in the primary spermatocyte region. In can and sa testes, S5 staining can 
be observed from the apical to distal ends of the testes. The asterisks denote the 
























3.2.3 Control of stellate and transposable elements is not affected in the 
developmental arrest mutants. 
 In order to assess if the piRNA pathway is functional in these 
developmental arrest mutants, I examined the expression level of stellate (ste). It 
is known that in Drosophila testes, the piRNA pathway silences the expression of 
the ste genes. Perturbation of piRNA pathway in testes leads to the up-regulation 
of ste transcripts and the formation of Ste crystals (section 1.2.4 for details). By 
immunostaining with an anti-Ste antibody, as reported, I observed Ste up-
regulation in aub mutant testes where the piRNA pathway is known to be affected 
(Aravin et al., 2004; Vagin et al., 2006), indicating that the Ste crystal formation 
can be used as a read-out for functional assessment of the piRNA pathway. By 
contrast, Ste crystals were not detected in bam, bgcn, can and sa mutants (Figure 
3.2.3A-F). These results suggest that the piRNA pathway is functional in the 
developmental arrest mutants, at least for the silencing of ste elements. 
 
To further validate the functionality of the piRNA pathway in the 
developmental arrest mutants, I examined the expression of some transposon 
transcripts by qRT-PCR. 1360 and mdg3 were the transposons showing the 
maximum up-regulation in aub mutant testes among the different transposons 
tested, and were therefore selected for this analysis. By contrast, in bam, bgcn, 
can and sa mutant testes, 1360 and mdg3 remain repressed (Figure 3.2.3G) 
suggesting that the piRNA pathway is functional in the developmental arrest 
mutants for the silencing of transposons. 
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Figure 3.2.3. Control of Stellate and transposable elements is not affected in 
the developmental arrest mutants. (A-F) y w, aub, bam, bgcn, can and sa testes 
immunostained for Ste and Lam. In y w testes, no Ste staining was detected. In 
aub mutant testes, Ste staining was detected in primary spermatocytes. In bam, 
bgcn, can and sa testes, no Ste staining was detected. The asterisks denote the 
hub. Scale bars represent 50 $m. y w was used as negative control and aub was 
used as positive control for Ste up-regulation. (G) qRT-PCR showing fold-change 
relative to y w expression of 1360 and mdg3 transposon transcripts in the 
indicated genotypes. Error bars represent the standard deviation calculated from 









































































3.2.4 Aubergine and Argonaute 3 localizations are not affected in the 
developmental arrest mutants. 
 In order to further validate the use of developmental arrest mutants as a 
system to purify stage-specific piRNAs, I examined the localization of Aub and 
Ago3 in those arrested testes. Aub and Ago3 were observed on the nuage of the 
GSCs and spermatogonia in wild-type testes (Figure 3.1.1). Consistently, these 
Piwi family proteins were present on the perinuclear region of the arrested cells 
from the apical to the distal end of bam and bgcn testes (Figure 3.2.4A and B). It 
was shown that these arrested cells exhibit characteristics that most resemble 
spermatogonia (Gonczy et al., 1997). Therefore, these results suggest that even in 
the arrested spermatogonia, Aub and Ago3 are expressed and localize properly to 
the nuage as those in the wild type spermatogonia. I next assessed the localization 
of Aub and Ago3 in can and sa mutant testes. Like in wild-type testes, Aub and 
Ago3 were detected in the GPC region of can and sa testes, from GSCs to 
spermatogonia (apical region), and localized to the perinuclear region. In the 
arrested primary spermatocyte populations filling can and sa testes only Aub but 
not Ago3 was detected as nuage perinuclear foci (Figure 3.2.4C and D). These 
results suggest that even in the arrested primary spermatocytes, Aub is expressed 
and localizes properly to the nuage while Ago3 is not detectable, consistently with 
what was observed in wild-type testes (Figure 3.1.1). Collectively, these results 
suggest that the expressions of Aub and Ago3 in the developmental arrest mutants 
are very consistent with what was observed in wild-type testes.  
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Figure 3.2.4. Aubergine and Argonaute 3 localizations are not affected in the 
developmental arrest mutants. (A-D) bam, bgcn, can and sa testes 
immunostained for Ago3 and Aub. Scale bars represent 10 $m. Apical and distal 
refer to the apical and distal ends of each testis. The apical views show the GPC 



























3.2.5 Spermatogonia and primary spermatocytes can be purified from 
developmental arrest mutants. 
 Since the developmental arrest mutants accumulate specific cell-types of 
interest (Figure 3.2.1 and 3.2.2), have a functional piRNA pathway that efficiently 
silences ste and transposable elements (Figure 3.2.3) and have a proper expression 
and localization of Aub and Ago3 (Figure 3.2.4), I used these mutants to purify 
the spermatogonia and primary spermatocytes. bam and bgcn mutant testes were 
used directly to purify extracts enriched in spermatogonia (Figure 3.2.5A, bam 
and bgcn). However, it is to be noted that these extracts still retain a small amount 
of GSCs and testicular somatic cells. can and sa mutant testes were used to purify 
extracts enriched in primary spermatocytes after the manual removal of the apical 
region, corresponding to the GPC (Figure 3.2.5A, can and sa). Similarly, these 
extracts still retain a small amount of testicular somatic cells. 
 
 To validate the purity of each testicular preparation, I examined the 
expression of Aub and Ago3 by western blot. It was previously shown that Ago3 
expression was restricted to the GPC and was not detectable in the primary 
spermatocyte of wild type testes and meiotic arrest mutant testes (Figure 3.1.1 and 
3.2.4). On the other hand, Aub expression was detected from GSCs to primary 
spermatocytes in wild type testes and meiotic arrest mutant testes (Figure 3.1.1 
and 3.2.4). Consistently, Aub was detected by western blot in all testicular 
preparations: y w (mixture of all stages), bam and bgcn (enriched in 
spermatogonia) and can and sa (enriched in primary spermatocytes) (Figure 
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3.2.5B, Aub). On the other hand, Ago3 was only detected in y w, bam and bgcn 
preparations, but not in can and sa (Figure 3.2.5B, Ago3). These results 






Figure 3.2.5. Spermatogonia and primary spermatocytes can be purified 
from developmental arrest mutants. (A) Schematic of the purification method 
used to enrich testicular extract in spermatogonia (SG) or primary spermatocytes 
(primary SC). (B) Western blots showing the expression of Aub and Ago3 in y w, 
bam, bgcn, can and sa testes (can and sa testicular lysates are after the removal of 
the apex). Tubulin was used as loading control. Aub expression was observed in y 
w, bam, bgcn, can and sa testes. Ago3 expression was only observed in y w, bam 
























3.3 Distinct piRNA populations are produced during spermatogenesis. 
3.3.1 General characteristics of the testicular small RNAs. 
 To address whether any specific piRNA population are produced during 
the development of the male germline, I decided to characterize the piRNAs at 
specific stages of spermatogenesis. Following the purification method described 
in the section 3.2.5, I purified the total RNAs from y w, bam, bgcn, can and sa 
testes. As described in the section 3.2.5, the apical region of can and sa testes was 
removed during the dissection to get rid of the GPC (Figure 3.2.5A). The cDNA 
libraries of small RNAs were constructed and subjected to next generation 
sequencing (in Macrogen Inc., Seoul Korea). The total number of reads obtained 
for each library ranged from 53 million in sa library to 135 million in bam library 
(Figure 3.3.1A). The bioinformatics analysis was conducted with the help of Dr. 
Amit Anand. In Drosophila, the 2S ribosomal RNA (rRNA) is a very abundant 
30-nt RNA and occupies a large fraction of the reads of small RNA sequencing 
(Tautz et al., 1988) (Figure 3.3.1B). Prior to the bioinformatics analysis, those 2S 
rRNA reads were taken out from the reads. The rest of the sequences were aligned 
to the Drosophila genome excluding Uextra, which contains extra sequences of 
unmapped heterochromatic scaffolds. Approximately 7 percent of the sequences 
from each library could be mapped to the genome and were refer to as genome 
mapping reads (Figure 3.3.1C). The rest of the sequences correspond to the 2S 
rRNA reads and the reads mapping to Uextra.  
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In order to decide how to normalize the data, I tried several different 
methods. The normalization parameters tested on the libraries were the unique 
mapper reads, the reads mapping to Rfam and the reads mapping to the genic 
esiRNAs (genic-esi) (Figure 3.3.1D, E and F). The unique mapper reads 
corresponds to the reads that were mapped only once on the genome. The Rfam 
database is a collection of RNA families, which can be classified into three 
functional classes: non-coding RNAs, structured cis-regulatory elements and self-
splicing RNAs (Burge et al., 2013). Because Rfam contains a wide variety of 
RNA families, it was assumed that these RNAs are unlikely to be all regulated in 
the same way in the different cell types isolated and therefore could be used as 
normalization parameters. The genic-esi RNAs are endogenous small interfering 
RNAs involved in transposon control. These small RNAs are ubiquitous and 
associate with Ago2 (Kawamura et al., 2008). However, it is not clear whether 
these small RNAs are regulated during spermatogenesis.  
 
The different normalization methods (Rfam, unique mappers and genic-
esi) resulted in similar conclusions for the rest of the analysis (these three 
parameters were tested on the counts of transposon-, Su(Ste)- and AT-chX-
mapping reads and resulted in similar trends, data not shown). Therefore, I chose 
to use the sequences mapping to the Rfam database as normalization factors. 
Rfam mapping reads represented 0.08 percent to 0.28 percent of the total reads 
from each library with y w being the library with the most Rfam-mapping reads. 
By contrast, bam, bgcn, can and sa libraries had a comparable amount of Rfam-
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mapping reads, ranging from 0.08 percent to 0.13 percent (Figure 3.3.1E). It is not 
clear whether the high amount of Rfam-mapping reads present in the y w library 
reflects the biology of the wild-type tissue or a technical artifact. For this reason, I 
focused on the bam, bgcn, can and sa libraries in quantitative comparison. y w 
library, in the following analysis, is presented as a qualitative reference. In the rest 
of my study, the Rfam normalized numbers represents all the reads numbers. 
 
In order to characterize the different small RNAs population expressed 
during spermatogenesis, I examined the size profile of the unique genome-
mapping reads. Distinct populations of small RNAs were present in these libraries 
as they resulted from the sequencing of the total pool of small RNAs. Based on 
their length, putative miRNAs and esiRNAs were detected from 21 to 22 nt and 
putative piRNAs were detected from 23 to 29 nt (peak at 25-26 nt) in all libraries 
(Figure 3.3.1G). The 21-nt unique genome-mapping reads were more abundant in 
can and sa libraries than in bam and bgcn libraries, suggesting that miRNAs 
and/or esiRNAs are globally more abundant in primary spermatocytes than in 
spermatogonia (Figure 3.3.1G, column 21). By contrast, the 23- to 29-nt unique 
genome-mapping reads were more abundant in bam and bgcn libraries than in can 
and sa libraries, suggesting that piRNAs are globally more abundant in 




Figure 3.3.1. General characteristics of the testicular small RNAs. (A) Total 
number of sequences obtained after next generation sequencing of y w, bam, 
bgcn, can and sa small RNAs. (B) Size profile of the genome-mapping reads for 
the indicated libraries. (C) Percentage of genome-mapping reads, excluding the 30 
nt reads and the reads mapping to Uextra, relative to the total number of 
sequences, for the indicated libraries. (D) Percentage of unique genome-mapping 
reads, relative to the total number of sequences, for the indicated libraries. (E) 
Percentage of Rfam mapping-reads, relative to the total number of sequences, for 
































































































































































































































































total number of sequences, for the indicated libraries. (G) Size profile of the 




3.3.2 Transposon-mapping piRNAs are globally enriched in spermatogonia. 
 In order to characterize the piRNAs expressed during spermatogenesis, 23 
to 29 nt reads derived from transposons were counted by mapping to the 
Drosophila transposons database. Though transposon-mapping piRNAs were 
found in all libraries, they were globally more abundant in bam and bgcn than can 
and sa libraries (Figure 3.3.2A). A similar trend could be observed for individual 
transposon-mapping piRNAs: most of those are more abundant in bam and bgcn 
libraries compared to can and sa (Figure 3.3.2B). However, some other 
transposon-mapping piRNAs show different trends. For instance, piRNAs 
mapping to baggins, opus, Dsim-ninja and aurora-element are more abundant in 
can and sa (Figure 3.3.2B, rows baggins, opus, Dsim-ninja and aurora-element; 
next section for details). 
 
  





Figure 3.3.2. Transposon-mapping piRNAs are globally enriched in 
spermatogonia. (A) Number of 23- to 29-nt transposon-mapping reads in the 
indicated libraries. (B) Heat-map representing the expression level of the top-
expressed transposon-mapping piRNAs in the indicated libraries. Names of the 
transposon-mapping piRNAs are in rows; names of the libraries are in columns. 
White represents the least expressed transposon-mapping piRNAs; red represents 
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3.3.3 Distinct transposon-mapping piRNA populations are expressed 
during spermatogenesis. 
 Although transposon-mapping piRNAs are globally enriched in 
spermatogonia, some of those are more abundant in primary spermatocytes, 
suggesting that they are regulated differently during spermatogenesis (Figure 
3.3.2). To characterize the dynamics of these piRNA populations, I identified 
more precisely the distinct transposon-mapping piRNA populations expressed 
during spermatogenesis. I calculated the average number of each transposon-
mapping piRNA in spermatogonia (average of counts between bam and bgcn 
libraries) and in primary spermatocytes (average of counts between can and sa 
libraries). The fold change values for each transposon-mapping piRNA allow me 
to identify the populations enriched in spermatogonia, enriched in primary 
spermatocytes or unchanged in between these two cell types (Figure 3.3.3A). As 
previously observed, among the 99 examined transposon-mapping piRNAs, most 
of those were enriched in spermatogonia (73/99 transposon-mapping piRNAs 
enriched in spermatogonia; Figure 3.3.3A, red dots). However, some of the 
transposon-mapping piRNAs were enriched in primary spermatocytes (14/99 
transposon-mapping piRNAs enriched in primary spermatocytes; Figure 3.3.3A, 
blue dots).  
 
I used a non-parametric Wilcoxon signed-rank test to assess whether the 
transposon-mapping piRNA populations differ significantly in the different 
libraries (Figure 3.3.3B). When comparing the libraries representing different cell 
! )"!
types (8 comparisons: sa vs. y w, can vs. y w, bgcn vs. y w, bam vs. y w, bgcn vs. 
sa, bgcn vs. can, bam vs. sa and bam vs. can), the p-value was inferior to 0.05 and 
the null hypothesis was rejected. These results indicate that the transposon-
mapping piRNA populations differ significantly in the different libraries. By 
contrast, when comparing the libraries representing similar cell types (2 
comparisons: can vs. sa and bam vs. bgcn), the p-value was superior to 0.05 and 
the null hypothesis could not be rejected. These results indicate that the 
transposon-mapping piRNA populations do not differ significantly in the 
comparable libraries. This statistical analysis confirmed the validity of the distinct 
transposon-mapping piRNA populations observed in spermatogonia and primary 
spermatocytes. 
 
Representative transposon-mapping piRNAs for each category (enriched 
in spermatogonia, enriched in primary spermatocytes and unchanged in between 
spermatogonia and primary spermatocytes) are shown in Figure 3.3.4, 3.3.5 and 
3.3.6 respectively. roo, Doc, HMS-Beagle, Bari1, rover, gypsy5 and INE-1 are 
representative transposon-mapping piRNAs enriched in spermatogonia (Figure 
3.3.4). baggins, opus, Dsim-ninja and aurora-element are representative 
transposon-mapping piRNAs enriched in primary spermatocytes (Figure 3.3.5). 
1360, copia, Stalker2 and Rt1b are representative transposon-mapping piRNAs 







Figure 3.3.3. Distinct transposon-mapping piRNA populations are expressed 
during spermatogenesis. (A) Scatter-plot representing the transposon-mapping 
piRNAs expression in bam and bgcn libraries (representing spermatogonia, SG) 
and in can and sa libraries (representing primary spermatocytes, primary SC). 
Log2 of the mean expression values of each transposon-mapping piRNAs for 
bam, bgcn and can, sa are represented on X- and Y-axes respectively. The 
population enriched in SG is represented by red dots, the one enriched in primary 
SC is represented by blue dots and the one unchanged in between SG and primary 
SC by green dots. Representative transposon-mapping piRNAs are indicated with 
their names. (B) Non-parametric Wilcoxon signed-rank test for unpaired data 
used for the comparison of the transposon-mapping piRNAs in the different 
libraries (indicated on Y-axis). The result p-value for each test is given in X-axis. 
! )$!
The null hypothesis (no significant difference observed) was rejected when p-





Figure 3.3.4. Representative transposon-mapping piRNAs enriched in 
spermatogonia. (A-G) Bar graphs showing each transposon-mapping piRNAs in 
y w, bam, bgcn, can and sa testes. roo, Doc, HMS-Beagle, Bari1, rover, gypsy5 




















































































































































Figure 3.3.5. Representative transposon-mapping piRNAs enriched in 
primary spermatocytes. (A-D) Bar graphs showing each transposon-mapping 
piRNAs in y w, bam, bgcn, can and sa testes. baggins, opus, Dsim-ninja and 

























































































Figure 3.3.6. Representative transposon-mapping piRNAs unchanged in 
between spermatogonia and primary spermatocytes. (A-D) Bar graphs 
showing each transposon-mapping piRNAs in y w, bam, bgcn, can and sa testes. 
1360, copia, Stalker2 and Rt1b are representative transposon-mapping piRNAs 






















































































3.3.4 Transposon-mapping piRNAs are found in sense and antisense 
orientation. 
In order to understand the nature of the different piRNA populations 
expressed during spermatogenesis, I examined the strand bias of these transposon-
mapping piRNAs. Reads mapping in sense and antisense orientation to 
transposons were found in all the libraries. The antisense reads were slightly more 
abundant in all libraries (51% to 64%; Figure 3.3.7A). Strand bias was calculated 
for each individual transposon-mapping piRNA by counting their respective 
number of sense and antisense piRNAs. Most of the transposon-mapping piRNAs 
have a bias toward the antisense orientation (Figure 3.3.7B). However, some 
transposon-mapping piRNAs show a bias toward the sense orientation such as 
1360-, Dsim-ninja-, copia- and aurora-element-piRNAs (Figure 3.3.7B, rows 
1360, Dsim-ninja, copia and aurora-element). These sense-biased piRNAs are not 
stage-specific as they were found in all the different libraries and for transposon-
mapping piRNAs with no special expression trend (higher in spermatogonia, 
unchanged in between spermatogonia and primary spermatocytes or higher in 
primary spermatocytes). A previous study observed the association of these same 
sense-biased piRNAs with Aub and Ago3 in Drosophila testes, suggesting that 
these sense small RNAs are bona fide piRNAs (Nagao et al., 2010). In the female 
germline, 1360 and aurora-element sense piRNAs are found in association with 




Figure 3.3.7. Transposon-mapping piRNAs are found in sense and antisense 
orientation. (A) Percentage of sense (S; in green) and antisense (AS; in red) 
transposon-mapping piRNAs in the indicated libraries. (B) Heat-map representing 
the percentage of S and AS reads for top-expressed transposon-mapping piRNAs 
in the indicated libraries. Red represents 100% of AS reads, yellow represents 
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3.3.5 Su(Ste) and AT-chX piRNAs are enriched in primary spermatocytes 
and are mostly found in antisense orientation. 
 In addition to the transposon-mapping piRNAs, two other classes of 
piRNAs are expressed abundantly in Drosophila testes: the Su(Ste) and AT-chX 
piRNAs (Nagao et al., 2010; Nishida et al., 2007). Su(Ste) piRNAs derive from 
the Y chromosome and silence the ste transcripts (section 1.2.4 for details). AT-
chX piRNAs derive from a repetitive region on the X chromosome and one of 
them, AT-chX-1, has a strong complementarity to vas mRNA (section 1.2.4 for 
details). In strike contrast with the transposon-mapping piRNAs, both Su(Ste) and 
AT-chX piRNAs were highly enriched in can and sa libraries (Figure 3.3.8). In 
addition, Su(Ste) and AT-chX piRNAs were found to be mostly in antisense 
orientation (Figure 3.3.9).  These results indicate that Su(Ste) and AT-chX piRNAs 
are highly regulated during spermatogenesis and are abundantly produced at the 
primary spermatocyte stage. In addition, they are mostly derived from the 
antisense orientation, with only a very small amount of sense sequences found in 
primary spermatocytes, suggesting that the biogenesis of these piRNAs via a 




Figure 3.3.8. Su(Ste) and AT-chX piRNAs are enriched in primary 
spermatocytes. (A) Number of 23 to 29 nt Su(Ste) piRNAs in the indicated 




Figure 3.3.9. Su(Ste) and AT-chX piRNAs are mostly in antisense orientation. 
(A) Percentage of sense (S; in green) and antisense (AS; in red) Su(Ste) piRNAs 


















































































































3.4 Ping-Pong amplification loop produces transposon-mapping piRNAs 
in spermatogonia and primary spermatocytes. 
3.4.1 Ping-Pong amplification loop is more active in spermatogonia. 
 Distinct populations of transposon-mapping piRNAs are expressed during 
spermatogenesis (Figure 3.3.2 and 3.3.3) and are found in sense and antisense 
orientations in spermatogonia and primary spermatocytes (Figure 3.3.7). In the 
female germline, sense and antisense piRNAs can be produced via the Ping-Pong 
amplification cycle involving Aub and Ago3 (section 1.2.3 for details). In order to 
measure Ping-Pong amplification cycle activity during spermatogenesis, I 
calculated a Ping-Pong score, based on the characteristics of the Ping-Pong 
signature: a 10 nt overlap between the sense and antisense piRNAs, a A at the 10
th
 
position of the S piRNA and a U at the 1
st
 position of the antisense piRNA. The 
Ping-Pong scores represent the number of piRNAs with the Ping-Pong signature, 
divided by the total number of piRNAs. In general, more transposon-mapping 
piRNAs with Ping-Pong signature were found in bam and bgcn libraries 
compared to can and sa libraries. However, Ping-Pong signature was still detected 
in can and sa testes (Figure 3.4.1A). To validate these results I looked at the 
nucleotide frequency along the length of the sense transposon-mapping piRNAs 
in each library. A clear bias for A at the 10
th
 position was detected in all libraries, 
indicating that Ping-Pong cycle is taking place, and was higher in bam and bgcn 
libraries (Figure 3.4.1B). These results indicate that piRNAs with Ping-Pong 




To gain a better understanding of the Ping-Pong cycle activity during 
spermatogenesis, I examined the Ping-Pong score for each transposon-mapping 
piRNA family. As expected, more transposon-mapping piRNA families have a 
higher Ping-Pong score in bam and bgcn libraries compared to can and sa 
libraries (Figure 3.4.1C; e.g. Doc, copia, F-element, mdg3). However, for some 
piRNA families, the Ping-Pong score was still notable in can and sa libraries 
(Figure 3.4.1C) consistently with was what observed for the global Ping-Pong 






Figure 3.4.1. Ping-Pong amplification loop is globally more active in 
spermatogonia. (A) Number of transposon-mapping piRNAs (black bars) and 
transposon-mapping piRNAs with Ping-Pong signature (grey bars) in the 
indicated libraries. The pie charts represent the percentage of transposon-mapping 
piRNAs with Ping-Pong signature (grey) in the total population of transposon-
mapping piRNAs. (B) Nucleotide frequency at each position along the length of 
!"#$ !%&$
!! !! !! !! !!
'($ )'($ *'($
!"#" $%&" $'()" (%)" *%"
+,-." !! !! !! !! !!
$%''/)*" !! !! !! !! !!
012*" !! !! !! !! !!
300" !! !! !! !! !!
4*/&5)/)6%" !! !! !! !! !!
40(" !! !! !! !! !!
(01/%" !! !! !! !! !!
75898&8):" !! !! !! !! !!
;<=>" !! !! !! !! !!
?+<+5898&8):" !! !! !! !! !!
&@'," !! !! !! !! !!
%2303%5898&8):" !! !! !! !! !!
/)A%@83," !! !! !! !! !!
;B" !! !! !! !! !!
@/A83B" !! !! !! !! !!
4&CC" !! !! !! !! !!
/)A%@83B" !! !! !! !! !!
&/(301/%" !! !! !! !! !!
D5898&8):" !! !! !! !! !!
E3+%" !! !! !! !! !!
F:%9G83B" !! !! !! !! !!
H@8IJ" !! !! !! !! !!
K8%" !! !! !! !! !!
'!1*!+B" !! !! !! !! !!
+LM-" !! !! !! !! !!
/)A%@83+" !! !! !! !! !!
N%3/+" !! !! !! !! !!
OPF5N8%'98" !! !! !! !! !!
BQL" !! !! !! !! !!
F:%9G83" !! !! !! !! !!
R2%*/&0@0" !! !! !! !! !!
F:%9G83S" !! !! !! !! !!
@/A83" !! !! !! !! !!
/)A%@83-" !! !! !! !! !!
:3%)*/$B" !! !! !! !! !!
S+B" !! !! !! !! !!
+L,+" !! !! !! !! !!
E/3(8" !! !! !! !! !!
&@'+" !! !! !! !! !!
;-" !! !! !! !! !!
?:+$" !! !! !! !! !!
/)A%@83S" !! !! !! !! !!
OPF5N8%'98B" !! !! !! !! !!
$900@" !! !! !! !! !!
40(B5898&8):" !! !! !! !! !!
'!1*!S" !! !! !! !! !!
=<?=5<" !! !! !! !! !!
':#/)" !! !! !! !! !!
P%J5898&8):" !! !! !! !! !!












































































































































































the transposon-mapping piRNAs in the indicated libraries. Numbers above the 10 
nt peak indicate the frequency of A at 10
th
 position. (C) Heat-map representing 
the Ping-Pong score of the transposon-mapping piRNAs in the indicated libraries. 
White represents a Ping-Pong score of 0%, yellow represents a Ping-Pong score 
of 40%, and green represents a Ping-Pong score of 80% (the maximum observed 





3.4.2 Ping-Pong amplification loop can be detected in primary 
spermatocytes. 
 In the female germline, the Ping-Pong amplification cycle relies on the 
slicing activity of both Aub and Ago3 (section 1.2.3 for details). In the male 
germline, Aub and Ago3 are expressed together in GSCs and spermatogonia, 
while in primary spermatocytes, only Aub is expressed (Figure 3.1.1). 
Nevertheless, piRNAs with Ping-Pong signature were observed in primary 
spermatocytes (Figure 3.4.1). Two hypotheses can explain the presence of 
piRNAs with Ping-Pong signature in primary spermatocytes. The first hypothesis 
assumes that the piRNAs with Ping-Pong signature found in primary 
spermatocytes are produced in earlier stages, when Aub and Ago3 are expressed, 
and stably passed on to primary spermatocytes. On the other hand, the second 
hypothesis proposes that Ping-Pong cycle can occur in primary spermatocytes, in 
a non-canonical way that does not require the action of Ago3. 
 
 To test these hypotheses, I examined the amount of piRNA with Ping-
Pong signature for each transposon-mapping piRNA family. As previously 
observed (Figure 3.4.1), for most transposon-mapping piRNA families, the 
amount of piRNA with Ping-Pong signature is higher in bam and bgcn libraries 
compared to can and sa libraries (Figure 3.4.1A and B for two representative 
examples: roo and Doc). However, in case of some specific families of 
transposon-mapping piRNAs (e.g. baggins and opus), I observed a higher amount 
of piRNAs with Ping-Pong signature in can and sa libraries compared to bam and 
! *'!
bgcn libraries (Figure 3.4.1C and D for two representative examples: baggins and 
opus). This result suggests that at least for some specific transposon-mapping 
piRNAs it is not possible to explain the presence of Ping-Pong signature in 
primary spermatocytes exclusively from the production of the earlier stages. It 
leaves the possibility that a non-canonical Ping-Pong cycle, that is independent 









Figure 3.4.2. Ping-Pong amplification loop can be detected in primary 
spermatocytes. (A-D) Bar plots showing the number of transposon-mapping 
piRNAs (black bars) and transposon-mapping piRNAs with Ping-Pong signature 
(grey bars) in y w, bam, bgcn, can and sa testes for the indicated transposon-
mapping piRNAs. The pie charts represent the percentage of transposon-mapping 




































































































3.5 ago3 mutants revealed a non-canonical Ping-Pong amplification cycle 
in Drosophila testis. 
3.5.1 ago3 mutants can be used as a system to detect non-canonical Ping-
Pong cycle. 
 piRNAs with Ping-Pong signature were detected in the primary 
spermatocytes of can and sa mutants, where no expression of Ago3 was detected 
(Figure 3.4.1, Figure 3.4.2 and Figure 3.2.4).  In order to assess if a non-canonical 
Ping-Pong cycle, that is independent from Ago3, acts in the testicular germline, I 
used the ago3 mutants that are loss-of-function alleles (Li et al., 2009). Indeed, in 
contrast with the aub mutants where Ago3 expression was affected, Aub 
expression and localization were not affected in the ago3 mutants (Figure 3.5.1). 
Therefore, the ago3 mutants could be used to detect if a Ping-Pong cycle that is 









Figure 3.5.1. ago3 mutants can be used as a system to detect non-canonical 
Ping-Pong cycle. (A-D) Immunostaining of endogenous Aub and Ago3 in 
Drosophila testis of the indicated genotype. The asterisks denote the hub. Scale 














































3.5.2 Transposon-mapping piRNAs are severely reduced in aub mutants, 
but not as severely in ago3 mutants. 
 RNAs from aub and ago3 mutant and heterozygous testes were purified, 
and small RNAs were subjected to next generation sequencing and analyzed as 
previously described in section 3.3.1. Transposon-mapping piRNAs were counted 
by mapping the 23- to 29-nt reads to the Drosophila transposons database. The 
amount of transposon-mapping piRNAs was severely reduced in aub mutant 
testes, while in ago3 mutant testes, it was not as severely reduced. In addition, the 
piRNAs produced in ago3 mutants still retain a portion of sense and antisense 
piRNAs. Aub appears to be more crucial for piRNA production: even the loss of 
one copy of aub in the aub heterozygotes (aub / CyO) resulted in a reduction of 
the transposon-mapping piRNAs compared to that in ago3 heterozygotes (ago3 / 
TM6) (Figure 3.5.2A). Collectively these results suggest that the loss of aub 
results in a more severe loss of transposon-mapping piRNAs. When looking at the 
individual transposon-mapping piRNAs, a similar trend could be observed: 
piRNAs were severely reduced in aub mutants for all the transposon-mapping 
piRNA families, while the loss in ago3 mutants was not as severe (Figure 3.5.2B). 
In ago3 mutant testes, Aub is still expressed and is localized properly to the 
nuage, while in aub mutant testes not only Aub but also Ago3 expression are 
severely perturbed. In ago3 mutant testes, Aub alone is likely to retain some 






Figure 3.5.2. Transposon-mapping piRNAs are severely reduced in aub 
mutants, but not as severely in ago3 mutants. (A) Number of sense (S; in 
green) and antisense (AS; in red) 23 to 29 nt transposon-mapping reads in the 
indicated libraries. (B) Heat-map representing the expression level of the top-
expressed transposon-mapping piRNAs in the indicated libraries. Names of the 
transposon-mapping piRNAs are in rows; names of the libraries are in columns. 
White represents the least expressed transposon-mapping piRNAs; red represents 
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3.5.3  Su(Ste) and AT-chX piRNAs are severely reduced in aub mutants, but 
not as severely in ago3 mutants. 
Next, Su(Ste) and AT-chX piRNAs were analyzed as described in section 
3.3.5. Similarly to what was observed for the transposon-mapping piRNAs 
(Figure 3.5.2), the amount of Su(Ste) and AT-chX piRNAs was severely reduced 
in aub mutants and slightly less reduced in ago3 mutants. It was also observed 
that the loss of one copy of aub in the case of the aub heterozygotes (aub / CyO) 
resulted in a reduction of the Su(Ste) and AT-chX piRNAs compared to the ago3 
heterozygotes (ago3 / TM6) (Figure 3.5.2). These results suggest that the loss of 
aub results in a more severe loss of Su(Ste) and AT-chX piRNAs. Loss of ago3 





Figure 3.5.2. Su(Ste) and AT-chX piRNAs are severely reduced in aub 
mutants, but not as severely in ago3 mutants. (A) Number of sense (S; in 
green) and antisense (AS; in red) 23 to 29 nt Su(Ste) reads in the indicated 
libraries. (B) Number of sense (S; in green) and antisense (AS; in red) 23 to 29 nt 










































































































3.5.4  Ping-Pong amplification loop takes place even in the absence of Ago3 
 In the female germline, S and AS piRNAs can be produced via the Ping-
Pong amplification cycle involving Aub and Ago3 (section 1.2.3 for details). 
However, we have observed that the piRNAs purified from primary 
spermatocytes, where Ago3 is not expressed, still displayed the Ping-Pong 
signature (Figure 3.4.1, Figure 3.4.2 and Figure 3.2.4). In order to measure Ping-
Pong amplification cycle activity in the absence of Ago3, the Ping-Pong score 
was calculated for the transposon-mapping piRNAs in the ago3 mutants, 
Transposon-mapping piRNAs with Ping-Pong signature were totally lost in the 
aub mutants while a fraction of them was still present in the ago3 mutants (Figure 
3.5.4A).  
 
Next, I examined the Ping-Pong score for each transposon-mapping 
piRNA family. Consistently, all transposon-mapping piRNA families had a very 
low Ping-Pong score in aub mutants, while their score in ago3 mutants were 
much less affected (Figure 3.5.4B). These results suggest that in the testicular 
germline, even in the absence of Ago3, the Ping-Pong amplification cycle still 








Figure 3.5.5. Ping-Pong amplification loop takes place even in the absence of 
Ago3. (A) Number of transposon-mapping piRNAs (black bars) and transposon-
mapping piRNAs with Ping-Pong signature (grey bars) in the indicated libraries. 
The pie charts represent the percentage of transposon-mapping piRNAs with 
Ping-Pong signature (grey) in the total population of transposon-mapping 
piRNAs. (B) Heat-map representing the Ping-Pong score of the transposon-
mapping piRNAs in the indicated libraries. White represents a Ping-Pong score of 
0%, yellow represents a Ping-Pong score of 40%, and green represents a Ping-
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4.1 Piwi family proteins and other piRNA pathway components have 
distinct expression patterns and localizations during spermatogenesis. 
The piRNA pathway has been best characterized in the female germline of 
Drosophila melanogaster but is still poorly understood in the male. I have shown 
that the piRNA pathway in the male germline has a different dynamics than in the 
female germline. In ovaries, the Piwi family proteins, Piwi, Aub and Ago3 are 
expressed throughout oogenesis. In testes, by contrast, they are expressed in a 
stage-specific manner, and only Aub is detected at the primary spermatocyte stage 
(Figure 3.1.1 and 3.1.2). It was shown that in the female germline that the Ping-
Pong amplification loop for piRNA production relies on the combined action of 
Aub and Ago3 (section 1.2.3 for details). Hence, expression of Aub alone in 
primary spermatocyte implies a distinct mechanism of transposon silencing and 
piRNA production. The study of other piRNA pathway components revealed that 
not only the Piwi family proteins display such a striking dynamics: the RNA 
helicase Vas and the Tudor domain proteins Qin/Kumo and Krimp also have 
stage-specific expressions and localizations (Figure 3.1.2 and 3.1.3), indicating 
that different subsets of the piRNA pathway components are expressed at 
different stages of spermatogenesis. Therefore, in the Drosophila male germline, 
the piRNA pathway might be developmentally regulated and might function 
differently during different stages of spermatogenesis. 
The piRNA pathway components show various expression patterns during 
spermatogenesis and most of them localize to the perinuclear nuage. Nuage is 
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present at the cytoplasmic face of the nuclear envelope but regular confocal 
microscopy does not have the power to resolve the different layers of the nuclear 
envelope. A previous study reported that in addition to its nuage localization, Aub 
could also be detected on the inner side of the nuclear envelope (Kotelnikov et al., 
2009). Interestingly, my data revealed that not only Aub but also Ago3, Vas and 
Krimp localize to the inner side of the nuclear envelope during spermatogenesis 
(Figure 3.1.4). Exactly at which stage this localization happens is still unclear and 
future biochemical analysis will lead to a better understanding. In addition, it is 
also not clear whether this nuclear localization is specific to the male germline or 
can also be detected in the female. Similar nuclear purifications can be performed 




4.2 Developmental arrest mutants as a system to purify specific stages of 
spermatogenesis. 
The unique dynamics observed for the piRNA pathway components 
suggested that the testicular piRNAs could also display some specific 
characteristics during spermatogenesis. In order to characterize the dynamics of 
the piRNAs during spermatogenesis, I used mutants that exhibit germline 
developmental arrest to enrich the testis in a cell-type of interest. These mutants 
accumulate specific cell-type of interest: spermatogonia in bam and bgcn (Gonczy 
et al., 1997; McKearin and Ohlstein, 1995) (Figure 3.2.1) and primary 
spermatocytes in can and sa (Chen et al., 2005; Hiller et al., 2004) (Figure 3.2.2). 
My study shows that these mutants have a functional piRNA pathway that 
efficiently silences ste and transposable elements (Figure 3.2.3) and have a proper 
expression and localization of Aub and Ago3 (Figure 3.2.4). Therefore, these 
arrest mutants can be used as tools to dissect the developmental regulations of the 
piRNA pathway during spermatogenesis. 
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4.3 Distinct piRNA populations are produced during spermatogenesis. 
 By using the developmental arrest mutants as tools I analyzed the piRNA 
populations expressed at different stages of spermatogenesis. I found that distinct 
populations of piRNAs are produced during spermatogenesis. During the early 
stages of spermatogenesis, in spermatogonia, I found more transposon-mapping 
piRNAs, while in the later stages, in primary spermatocytes, the abundant 
piRNAs correspond to Su(Ste) and AT-chX (Figure 3.3.3 and Figure 3.3.5). 
Su(Ste) piRNAs derive from the Y chromosome and silence the ste transcripts 
(section 1.2.6 for details). The Y chromosome in Drosophila melanogaster is 
entirely heterochromatic in most cell types except in the male germline, in 
primary spermatocytes. My data suggests that the Su(Ste) piRNAs specific 
expression in primary spermatocytes is taking advantage of the specific 
transcriptional activation of the Y chromosome at that stage. It is tempting to 
speculate that other types of piRNAs might derive from the Y chromosome and 
give rise to the specific populations found in primary spermatocytes. However, 
due to the heterochromatic and highly repetitive nature of the Y chromosome and 
despite numerous sequencing efforts, the Y chromosome sequence is still poorly 
characterized. AT-chX piRNAs derive from a repetitive region on the X 
chromosome and one of them, AT-chX-1, has a strong complementarity to vas 
mRNA. It was previously shown that Vas protein expression was increased in aub 
mutant testes, where AT-chX piRNAs are dramatically reduced, suggesting that 
AT-chX piRNAs might regulate Vas expression (Nishida et al., 2007). My data 
suggests that this regulation of Vas is taking place in primary spermatocytes, 
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where the AT-chX piRNAs are the most abundantly expressed. Future work would 
aim to dissect the regulation of Vas during spermatogenesis in more details. 
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4.4 Ping-Pong amplification loop produces transposon-mapping piRNAs 
in spermatogonia and primary spermatocytes. 
 The piRNA pathway components and the piRNAs show specific 
regulations during spermatogenesis. These results suggest that the piRNA 
pathway might function differently during different stages of spermatogenesis. A 
more robust Ping-Pong amplification loop was found in spermatogonia, where 
mostly transposon-mapping piRNAs are produced (Figure 3.4.1). By contrast, 
Su(Ste) and AT-chX piRNAs, that are mostly produced in primary spermatocytes, 
do not display the Ping-Pong signature (Figure 3.3.5). These results suggest that 
distinct subsets of piRNAs are produced via different biogenesis pathways during 
spermatogenesis. Future molecular analyses would aim at the characterization of 
these distinct pathways. 
 
 Although I observed a global enrichment of the Ping-Pong amplification 
loop in spermatogonia, I also noticed that Ping-Pong cycle could also be detected 
in primary spermatocytes at lower level (Figure 3.4.2). The canonical Ping-Pong 
cycle requires the combined activity of Aub and Ago3, and yet, Aub was the only 
Piwi family proteins expressed in primary spermatocytes. This data suggests that 
a non-canonical Ping-Pong cycle, that does not require the activity of Ago3, might 
act in primary spermatocytes. However, I could not exclude the possibility that 
the Ping-Pong activity observed in the arrested primary spermatocytes was 
derived from the production in spermatogonia and passed on to the primary 
spermatocytes during the development.   
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4.5 ago3 mutants revealed a non-canonical Ping-Pong amplification cycle 
in Drosophila testis. 
In order to examine whether any non-canonical Ping-Pong cycle that does 
not require the activity of Ago3, operates in the testicular germline, I used a loss 
of function ago3 mutants (Li et al., 2009). In these mutant testes, Ago3 expression 
is totally lost, but Aub is still expressed and localizes properly to the nuage from 
GSCs to primary spermatocytes (Figure 3.5.1). Therefore, if any piRNA 
production depends on Aub but not Ago3, it should be detectable in the ago3 
mutants. Indeed, while the piRNAs in aub mutant testes were merely detected, a 
fraction of piRNAs remained in ago3 mutant testes (Figure 3.5.2). Furthermore, 
these ago3-independent piRNAs still displayed some Ping-Pong signature, 
suggesting that a Ping-Pong cycle can operate in the testicular germline devoid of 
ago3 (Figure 3.5.5). These results suggest that Aub might mediate a homotypic 
Ping-Pong cycle in the testicular germline, in addition to the canonical heterotypic 
Aub:Ago3 Ping-Pong cycle. This homotypic Ping-Pong cycle was previously 
observed to take place in qin/kumo mutant ovaries, where less Ago3 binds Aub 
(Zhang et al., 2011). Hence Qin/Kumo was proposed to enforce heterotypic 
Aub:Ago3 Ping-Pong cycle in ovaries. During spermatogenesis, Qin/Kumo 
localizes on the nuage in GSCs and spermatogonia, where the heterotypic 
Aub:Ago3 Ping-Pong cycle might take place. In primary spermatocyte, 
Qin/Kumo changes its localization and become nucleolar (Figure 3.1.3). 
Qin/Kumo might enforce the heterotypic Aub:Ago3 Ping-Pong cycle during the 
early stages of spermatogenesis, and then might have a totally different function 
! ""$!
in primary spermatocytes. It will be interesting to further investigate the different 
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